Introduction
The generally accepted gas detection mechanism of n-type SMOX based gas sensors in realistic application conditions is considered to be, in principle, simple: Atmospheric oxygen is ionosorbed at the surface of the metal oxide by trapping electrons from the conduction band of the semiconductor. This charge transfer to the surface leads to the formation of a surface depletion layer and an upwards band bending, which increases the sensor resistance. Reducing gases, as for example CO, are considered to simply decrease the band bending by reacting with the preadsorbed oxygen ions and decreasing their concentration. During this process, the electrons, which were captured at the surface in acceptor levels, are released back to the conduction band and therefore a decrease in resistance is detected.
The present models for gas sensing with n-type SMOX are generally based on this detection mechanism as they assume that when the sensors are operated in air, the conduction through the sensing layer is controlled by the backto-back double Schottky barriers at the grain boundaries [1] [2] [3] [4] . This means, for the simple case of grains being large enough to allow for a clear distinction between a surface space charge layer and an unaffected bulk (large grains), that the sensor effect is controlled by the amount of negative surface charge associated to pre-adsorbed oxygen ions. Therefore, it was considered for a long time, that sensing of reducing gases is only possible in the presence of atmospheric oxygen. This was proven false as it was demonstrated for SnO 2 that there is a process of surface donors' formation, which explains the sensor effect in the absence of oxygen [5] . Furthermore, it was shown that, depending on the ambient conditions, the conduction mechanism can change from the case in which conduction is controlled by depletion layer to the case in which the current flows through the accumulation layer [6] . Although in these publication the transitions between the two conduction mechanisms were observed in special conditions, namely low and very low oxygen concentrations and in the absence of humidity, it was speculated that such switches could take place even in air [6] .
It is important to note that the magnitude of the sensor signal and its variation with the concentration of target gas depends on the conduction mechanism, which ensures the transduction of surface chemistry into changes of the electrical resistance of the sensing layer [6] . A change in conduction mechanism has dramatic consequences for sensing and could be the reason why it is not possible to describe the full sensor response curve with only one function. Because a switch between the two conduction mechanism involves a change of the dominating surface species (albeit only for materials showing no intrinsic band bending), the surface chemical reactions determining the sensing effect and therefore the complete understanding of gas sensing with SMOX, would have to be rethought.
Experimental
The undoped SnO 2 sensing material was synthesized via sol-gel preparation and calcined at 1000°C to realize rather large particles with sizes of around 200 nm (for details of preparation and structural analysis see [7, 8] ). Subsequent screen printing onto alumina substrates (sensor layout see [9] ), was used to prepare the polycrystalline thick film layers. A constant operation temperature of 300°C was applied by passing current through the Pt heaters on the backside of the substrate. The sensor was exposed to different concentrations of target gas: N 2 , dry air, 0.3-250ppm CO in dry air, humid air with 6% r.h. (20% r.h. or 50% r.h.) @25°C and 0.3-250ppm CO in humid air with 6% (20% r.h. or 50% r.h.) r.h. @25°C while the resistance of the sensing layer was measured by connecting the electrodes on top of the substrate to an electrometer (Keithley 6517B). The sensors were stabilized for 12h in synthetic air and 12h in N 2 before starting a measurement. Both residual water vapor concentration in dry air and the residual oxygen concentration in N 2 were below 10 ppm.
Experimental results and discussion
One example of the raw data, recorded as described in section 2, in a series of measurements is shown in Fig. 1 left. By increasing the CO concentration to 250 ppm in dry conditions the resistance reaches the level recorded in the absence of oxygen (N 2 background). Increasing the CO concentration above 5ppm in the presence of 6% r.h., the resistance decreases below the level recorded in the absence of oxygen. With increasing humidity, the CO concentration, which is needed to reach this level decreases (for 20% r.h. at around 3 ppm CO, and for 50% r.h. at around 0.5 ppm CO). In recent DC electrical resistance and work function changes measurements on undoped polycrystalline thick film SnO 2 sensing layers it was demonstrated that in the absence of oxygen the energy bands are flat [6] . This indicates depletion layer controlled conduction mechanism with upwards band bending for resistance values above the one recorded in N 2 and the formation of a surface accumulation layer with downwards band bending for resistance values below the one measured in N 2 (see Fig. 1 left) .
A change into accumulation layer controlled conduction mechanism has dramatic consequences for transduction, because the conduction through the sensing layer is no more controlled by the back to back double Schottky barriers. Instead, the current flows through the accumulation layer and the dependence of the resistance on changes of band bending gets weaker (see Fig. 2 ) [6] . Also, for the reception function, our findings have dramatic consequences: In recent studies it was demonstrated that sensing in the absence of oxygen is possible without reducing the material and even higher sensor signals, when compared to the ones obtained in oxygen containing backgrounds, were recorded [5] . Fig. 1 . Left: DC electrical resistance measurement of an undoped polycrystalline thick film SnO2 gas sensor exposed to different concentrations of target gas. Right: Calibration curves extracted from the raw data shown on the left. The highest CO concentration was chosen as reference. . We explained these findings by the formation of surface donors as a result of the direct reaction of reducing gases with SnO 2 surface. What the present investigations now show is that such surface reactions are also significant in realistic application conditions. If the band bending decreases from flat band generating the surface accumulation layer, the direct reaction of CO or even water determines the sensing effect. In Fig. 2 this facts are illustrated by showing the change in conduction mechanism and the corresponding dominating surface reactions. The experimental evidence for the reaction of pre-adsorbed oxygen with water vapour was presented in [10] . The direct reaction of CO and H 2 O with SnO 2 is not yet experimentally proven. We just know that the resistance is dramatically decreased in the absence of the oxide reduction [5] . Fig. 2 . Change from depletion layer controlled to accumulation layer controlled conduction mechanism and corresponding surface reactions. The light brown area shows the bulk, the yellow the depletion layer and the dark brown the accumulation layer. nS is the concentration of electrons in the conduction band at the surface and S the average electron concentration in the accumulation layer.
If both, the conduction and reception functions change because of exposure to the target gas, the usual definition of the sensor signal as the ratio between the resistance in the background and the resistance during exposure to target gas (in this background) correlates very different situations and is difficult to interpret. Therefore, it is more useful to choose the reference at the highest CO concentration (S=R 250ppm CO /R CO ) and observe what happens at concentrations that bring the sensor in the new reception/transduction situation.
The result in different conditions (dry air, 6% r.h., 20% r.h. and 50% r.h.), extracted from the raw measurement in Fig. 1 left, is shown in Fig. 1 right. For concentrations above 15 ppm of CO, the curves in 6% r.h., 20% r.h. and 50% r.h. overlap and according to Fig. 1 left, the conduction mechanism is controlled by surface accumulation layer. This demonstrates that the same change in CO concentration in these different humidity conditions leads to the same change in the sensor signal and therefore to the same change in band bending. Thus, the CO donor's formation determines the sensing effect, while the concentration of humidity does not play any role. For low concentrations of CO, the curves diverge, because we compare different chemical and electronic conduction regimes. The reason why the curve in dry air also diverges in comparison to the ones in humid conditions is the same, namely we compare very different chemical and electronic conduction regimes: The concentrations from 0-200 ppm CO in dry air correspond to depletion layer controlled conduction mechanism, where the reaction of CO with pre-adsorbed oxygen ions forming CO 2 dominate. At the reference -the resistance at 250 ppm of CO in dry air -, the accumulation layer begins to grow and the direct reactions with the SnO 2 surface start to dominate.
Conclusion
In our investigations, we observed changes in conduction mechanism in realistic application conditions on undoped SnO 2 based polycrystalline thick film gas sensors. The calibration curves in different conditions demonstrate implications on both, the reception and transduction functions. Next steps will be to find accurate models, that describe the experimental facts and to analyze the effect of sensitizers.
